Cardiovascular disease is the leading cause of death in the Westernized world. The costs in productive lives lost to individuals, families, and society are staggering. The epidemiology, pathogenesis, and preventative treatment are all clearly described. Why then, has this epidemic not been eradicated? One reason is the uncertainty about the primary cause of atherosclerotic cardiovascular disease. Low density lipoprotein (LDL) is a circulating lipid particle that deposits cholesterol into the arterial wall which subsequently evolves into an atherosclerotic plaque and a life-threatening arterial thrombosis. The reason that LDL is not universally accepted as the cause of atherosclerosis is that there are no randomized controlled trials (RCT's) providing this evidence. For ethical, financial, and scientific reasons, an RCT of sufficient duration to prove or disprove this hypothesis may never be initiated. We propose a unique approach to support the critical role of LDL in the pathogenesis of cardiovascular disease. Employing criteria based on those proposed by Sir Austin Bradford Hill, we describe the large body of scientific evidence supporting LDL as the primary cause of atherosclerosis. Sir Austin Bradford Hill was a British epidemiologist/statistician who lived in the 20 th century. He acknowledged that the cause of a disease could not always be established by a randomized clinical trial. Therefore, he outlined nine criteria (now known as the Bradford-Hill criteria) that should be met if an etiological factor was likely the cause of a disease. The data in this manuscript are organized according to these nine criteria. These data strongly suggest that LDL is the primary cause of atherosclerotic cardiovascular disease and that sufficient LDL reduction (i.e., to <70 mg/dl) (<1.81 mmol/L) will lead to atherosclerotic cardiovascular
Introduction
The evidence-based understanding of the pathophysiology of coronary atherosclerosis has continued to accumulate since the studies of Watanabe, Niemen Pick like protein, the Tarahumara Indians and Brown and Goldsteins' LDL receptor hypothesis all elucidated key mechanisms in the consequences of elevated blood low density lipoprotein (LDL) cholesterol. However, it should be ac- protein, may all contribute cholesterol to the atherosclerotic plaque. These two cholesterol carriers are converted in the circulation to LDL by removal of lipoproteins and triglyceride [1] . Since the non-high-density lipoprotein cholesterol concentration indirectly includes all of these lipoprotein species, it may be a slightly better predictor of future cardiovascular events [2] [3] . However, since LDL cholesterol carries 80% of the circulating cholesterol under conditions of normal lipemia [4] and since LDL cholesterol is the measured lipoprotein for almost all randomized clinical trials, this article will focus on the essential role of LDL cholesterol in the pathogenesis of atherosclerosis.
Randomized clinical trials of stat in therapy have resulted in significant cardiovascular benefits which have been proportional to the reduction in LDL Figure 1 . Structure of LDL cholesterol and its role in atherosclerosis. The major lipoprotein (apolipoprotein B-100) is responsible for LDL binding to cellular receptors. LDL particles are oxidized in the arterial wall, then taken up by tissue macrophages. The lipid laden macrophages coalesce into a fatty streak which then evolves into an atherosclerotic plaque. The plaque may rupture if the fibrous cap thins and fractures, causing a thrombosis and a heart attack. Since this burden is expressed as multiple atherosclerotic plaques, clinical cardiovascular events become manifested in the mature adult. If the adult subsequently reduces his/her LDL below 70 mg/dl (1.81 mmol/L) via diet and/or medication, the atherosclerotic burden can be reduced and atherosclerosis can be reversed [6] [48] .
cholesterol concentration [5] . The LDL concentration determines the increase or decrease in atherosclerotic burden ( Figure 2 ) [6] . Furthermore, for optimal clinical outcomes, extensive genetic, pathophysiological, and experimental evidence support maintaining an LDL cholesterol concentration of <50 mg/dl (1.3 mmol/L). Based on these published data, significantly reducing the number one cause of death in the Western world would be expected [6] . However, this expectation has not materialized because of doubts that LDL is the primary cause of atherosclerosis. These doubts are based on the fact that an RCT of a causal role of LDL in atherosclerosis has not been reported. This scientific limitation exists because there is no available methodology that will only reduce the concentration of this lipoprotein without additional collateral confounding pharmacological effects. In addition, for reasons of ethics, finances, and scope (the necessity of testing all populations at risk), an RCT of sufficient duration and size to prove or disprove this LDL hypothesis may never be initiated. Therefore, an alternative approach to establishing a cause and effect scenario is required. To that end, organizing the evidence according to the "cause and effect" epidemiological criteria that Sir Bradford Hill proposed in 1965 provides a scientific platform to support LDL cholesterol's critical pathogenic role [7] .
Sir Austin Bradford Hill was born in 1897 and had a long, distinguished career as a statistician and epidemiologist. He was knighted in 1961. Among many other accomplishments, he was instrumental in connecting smoking with lung cancer. He is best remembered for a Presidential address that he gave to the Royal Society of Medicine in 1965 in which he listed nine criteria that should be met to establish causality [7] . These criteria have since been applied to several areas, in- [9] . Vegetarians have improved cardiovascular risk factor profiles including lower LDL cholesterol. This is especially true of vegetarians who do not consume dairy products [10] . Not surprisingly, they have a reduction in cardiovascular events compared to non vegetarians [11] . These data all suggest that LDL cholesterol plays a pivotal role in the atherosclerotic process with the simultaneous reduction in both LDL cholesterol and the occurrence of cardiovascular events.
Plausibility-The apparent cause and effect must make sense in the light of current theories and results.
Early histological studies demonstrated that LDL cholesterol was present within atherosclerotic plaques, consistent (but not proof) with the causal role of LDL cholesterol in the formation of atheroma in man and animal models [12] . that inflammatory white cells (primarily macrophages) not only secrete inflammatory cytokines but also are responsible for ingesting the oxidized LDL cholesterol prior to coalescing to form foam cells prior to becoming atherosclerotic plaques. Among the cytokines secreted by white blood cells are metalloproteinases which dissolve the plaques surface cap and permit exudation of cholesterolemicthrombotic material into the coronary vessel lumen [13] . This process initiates the formation of plateletmicro thrombi and blood clots with subsequent obstruction of the coronary artery. In addition to the concentration of LDL cholesterol, the size and density of the LDL particle have been shown to be important determinants of the atherogenicity of LDL cholesterol [14] . Small, dense LDL particles are the most atherogenic, probably because they rapidly pass through the arterial endothelium and are more rapidly oxidized than larger LDL cholesterol lipoproteins. Since macrophages have specific receptors for oxidized LDL, this process is a necessary prerequisite for fatty streak formation. Small, dense LDL particles are characteristic of the hypertriglyceridemic state [15] .
In 1985, Brown and Goldstein provided the molecular physiology for an LDL receptor on the surface of liver cells that play a determining role in removing LDL from the blood thereby reducing the concentration of plasma LDL cholesterol [16] . This discovery provided the mechanistic insight into the importance of the liver in determining the circulating LDL cholesterol concentration. The reduction of circulating LDL cholesterol by increasing the hepatic LDL cholesterol receptor (via several mechanisms) has been shown to result in a significant reduction in atherosclerotic events [17] . This direct relationship between the availability of LDL cholesterol and the severity of atherosclerosis provides a plausible cause and effect relationship.
Temporality-There is a time relationship between cause and effect in that the effect occurs after the cause.
Atherosclerosis is a progressive disease that develops over decades. Although cardiovascular events are uncommon before the age of 40 years, the presence of atherosclerotic plaques can be demonstrated years before, following prolonged exposure to elevated plasma LDL cholesterol. In the teenage years, early atherosclerotic plaques can be identified by both intravascular ultrasound and coronary artery calcium scanning [18] . In fact, the initial stages of atherosclerosis (fatty streak formation and the migration of macrophages into the arterial wall) can be observed in the human fetus [19] . This fact implies that the duration of atherosclerosis may begin at birth or during gestation for many individuals.
In all reported cases, the hypercholesterolemia precedes the atherosclerotic event. This fact is strikingly illustrated by the condition of homozygous familial hypercholesterolemia which is identifiable at birth by greatly elevated blood LDL cholesterol and genetic testing [20] . In this condition, there is a genetic defect either in the number and/or function of the LDL receptor or the structure and function of apolipoprotein B (the main receptor binding protein of LDL cholesterol) resulting in greatly reduced LDL removal from the circulation and severe hypercholesterolemia. External dermatological manifestations (e.g., tuberous World Journal of Cardiovascular Diseases xanthomas and xanthelasmas) and death from atherosclerotic events may occur by the age of 20 years [21] . Additional evidence of a time relationship between hypercholesterolemia and atherosclerosis can be observed in the general population. As this population ages, atherosclerosis continues to progress so that age is the number one predictor of cardiovascular disease [12] . Furthermore, the argument has been made that prolonged exposure to elevated levels of LDL cholesterol is as important (or more important) than short term exposure to hypercholesterolemia in causing atherosclerotic cardiovascular disease [22] [23] . These data underscore the positive temporal relationship between the duration of exposure to LDL cholesterol and the development of atherosclerosis. In other words, atherosclerosis never occurs before the hypercholesterolemia and thus the duration of the hypercholesterolemia is a critical determinant of the time when atherosclerosis first appears clinically.
Biological Gradient-In treatment, there might be expected to be a relationship between the dose given and the reaction of the patient. This may not be a simple linear relationship and may have minimum and maximum thresholds.
Clinical studies that result in lowering the LDL cholesterol by any means that work via increasing the concentration of the LDL cholesterol hepatic receptor, reduce the incidence of atherosclerosis [24] . In fact, the observation has been reported that for every mmol decline in LDL cholesterol concentration (−38 mg/dl) (−0.98 mmol/L), the rate of atherosclerotic events decline 25% over the entire range of LDL cholesterol that has been studied [25] . This observation suggests that there is no threshold for the benefits of lowering LDL cholesterol in reducing cardiovascular events.
In all human populations, the concentration of LDL cholesterol varies over a wide range with a wide Gaussian distribution due to normal genetic variation. However, this range can be dramatically different depending upon the genetics and lifestyle of the population cited. For example, in agrarian populations such as the Tarahumara Indians in Mexico which have not embraced the Westernized lifestyle, cholesterol concentrations remain low (~70 mg/dl) (~1.81 mmol/L) and atherosclerosis is minimal [26] . In contrast, in all Westernized societies in which traditionally relatively high fat, cholesterol diets are consumed, hypercholesterolemia is the norm (LDL cholesterol > 70 mg/dl) (1.81 mmol/L) (compared to LDL cholesterol concentrations at birth, i.e., 50 to 70 mg/dl) (1.3 to 1.81 mmol/L) [8] . Furthermore, studies that result in volunteers obtaining LDL cholesterol concentrations below 70 mg/dl (1.81 mmol/L) have shown additional benefit [17] . Thus, the lower the LDL cholesterol, the greater the reduction in atherosclerosis in a dose response fashion [6] .
Consistency-To prove a concept is useful, it must give consistent results in a wide range of circumstances. Alternatively, when circulating LDL cholesterol is elevated, increased cardiovascular risk rises in proportion to the LDL cholesterol elevation [6] . non-esterified fatty acids [4] . However, the initiation of the plaque is the fatty streak induced by the uptake of oxidized LDL by macrophages in the arterial vessel wall [13] . The LDL particles first migrate into the arterial wall through the endothelium, with the rate of migration being dependent on the concentration and size of the LDL particle [14] . The fatty streak macrophages then undergo a complex series of events resulting in activation of the smooth muscle cells in the vessel wall which migrate around the plaque and subsequently secrete various cytokines and chemo-attractants. Thus, there is a specific relationship between the inflamed endothelium, LDL cholesterol, and the migration of macrophages World Journal of Cardiovascular Diseases into the arterial wall, all leading to an atherosclerotic plaque [13] . These stepwise processes have been delineated through a series of histological, chemical, and post mortem studies of coronary arteries [13] .
Evidence-A very strong proof of cause and effect comes from the results of experiments, where many significant variables are held stable to prevent them interfering with the results.
The recent explosion of gene technology has provided insight into the inherited factors that either reduce or exacerbate the risk of atherosclerosis. These "natural" experiments in which the genetic makeup of the individual provides a constant phenotype characterized by reduced (or increased) levels of LDL cholesterol correlating with a reduced (or increased) incidence of coronary atherosclerosis, respectively.
An example of genetic protection from atherosclerosis are individuals who are born with unusually low LDL cholesterol levels due to numerous genetic factors, e.g., the inability to complete the synthesis of apolipoprotein B by the liver [32] .
These individuals have a very low incidence of cardiovascular disease. More recently, loss of function of the proprotein convertase subtilisin/kexin type 9 (PCSK9) protein has been described [33] . This protein is responsible for increasing the degradation of the hepatic LDL receptor resulting in decreased numbers of LDL cholesterol hepatic receptors. The consequence of this loss of PCSK9 protein function is the increased hepatic uptake of LDL and a reduction in its circulating levels. These individuals are protected from atherosclerosis. As might be anticipated, there are other individuals with an increased concentration of PCSK9 protein with consequent decreased quantity of hepatic LDL receptors who experience very high levels of circulating LDL and as a consequence accelerated atherosclerosis [34] . A further example are individuals in which the intestinal absorption of cholesterol is impaired due to decreased binding by the intestinal cholesterol receptor (i.e., the Nieman Pick-like protein receptor) [35] . This deficiency results in a reduction of free cholesterol in the liver and an up regulation of the hepatic LDL receptor. The consequence is a reduction in circulating LDL and a reduction in atherosclerosis [36] . This information has been used clinically to prescribe ezetimibe which partially blocks the intestinal cholesterol receptor and reduces atherosclerotic cardiovascular events [37] . All of these data provide strong evidence that the incidence of atherosclerosis is strongly related to the circulating concentration of LDL cholesterol, independent of the method that reduces its concentration. Thus, within the wide range of LDL concentrations observed in humans, the lower the LDL cholesterol level, the lower the incidence of atherosclerosis, i.e., the LDL principle [6] .
Analogy-When something is suspected of causing an effect, then other factors similar or analogous to the supposed cause should also be considered and identified as a possible cause or otherwise eliminated from the investigation.
In non hypertriglyceridemic humans, LDLc contains approximately 80% of ter hydrolysis of the triglyceride can be incorporated in the atherosclerotic plaque and incite inflammation [1] . Another example is apolipoprotein (a) which is genetically determined but altered by estrogens, nicotinic acid, and PCSK9 protein inhibitors [38] . This particle consists of an LDL particle covalently bound to another protein with homology with plasminogen. Because the apolipoprotein complex contains LDL, it is included in the measurement of LDL cholesterol.
Elevated apolipoprotein (a) has been shown to be a risk factor for atherosclerosis in several population studies but the mechanism(s) of its atherosclerotic enhancement is not well defined [39] . Finally, can LDL itself cause atherosclerotic plaques without the presence of confounding risk factors such as hypertension, diabetes, obesity, and smoking?
The answer to this question is unequivocally yes. In the medical condition of familial homozygous hypercholesterolemia, the only defect is a loss of hepatic LDL receptor function with a result of greatly increased LDL concentration.
These individuals have premature atherosclerosis and often require plasmapheresis to remove the LDL particles to prevent an early death from atherosclerosis [42] . This unique role of LDL stands out as the primary atherogenic lipid carrying circulating particle.
Coherence-If laboratory experiments in which variables are controlled World Journal of Cardiovascular Diseases and external everyday evidence are in alignment, then it is said that there is coherence.
Laboratory animals have characteristically low LDL levels and do not normally develop atherosclerosis. Therefore, to study atherosclerosis, either a genetic alteration increasing LDL production and/or reducing its disposal, or administration of ahypercholesterolemic diet is required. To this end, several animal models exist (including mice, rabbits, swine, and non-human primates) in which the process of atherosclerosis has been studied [43] . Wild-type mice are normally resistant to atherosclerosis, but lipoprotein receptor-deficient mice or apolipoprotein-deficient mice are commonly used to simulate human atherosclerosis [44] . In addition, one of the most frequently studied models is the Watanabe rabbit, which is characterized by a four amino acid defect in the hepatic LDL cholesterol receptor such that receptor binding to LDL cholesterol is reduced [45] . This animal model closely simulates the pathogenesis of human atherosclerosis and has been extensively studied by numerous techniques [46] . Although not completely identical to human atherosclerosis, these and other animal models have elucidated the importance of LDL in the formation of the fatty streak as well as the atherosclerotic plaque. All of these studies emphasize the importance of LDL cholesterol as the primary mediator of the atherosclerotic process. In fact, atherosclerosis cannot be generated without an elevation in LDL cholesterol.
Conclusions
The studies cited above, organized according to the nine Bradford-Hill epidemiological criteria, strongly support the importance of LDL cholesterol as the primary determinant of atherosclerosis. These extensive data complement the results of randomized controlled trials in humans demonstrating that the reduction of LDL cholesterol results in not only a reduction but a reversal of the atherosclerotic process. Clearly, LDL cholesterol is not the only contributor to the atherosclerotic process since several other factors may enhance its critical role in plaque formation and rupture. Thus, at any given level of LDL cholesterol, the progression of atherosclerosis may be increased by hypertension, smoking, diabetes, and obesity [47] . However, without the contribution of LDL cholesterol, clinically significant plaques do not form and atherosclerosis does not occur.
Knowledge gained in the last decade has permitted an extensive understanding of the role of LDL cholesterol in the pathogenesis of atherosclerosis. Detailed sequences have now been elucidated from the initial translocation of LDL cholesterol into the coronary artery wall to its subsequent oxidation, formation of the fatty streak, and ultimate rupture of the atherosclerotic plaque.
New therapies addressing the role of LDL cholesterol in atherogenesis have resulted in new therapeutic approaches (e.g., PCSK9 protein inhibitors and intestinal cholesterol receptor blockers) that may greatly reduce the incidence of heart attacks and strokes. Targeting specific levels of LDL cholesterol and identi- 
